Beet necrotic yellow vein virus (BNYVV)-infected sugarbeets were obtained from many parts of Europe and also from some sites in Asia and the U.S.A. Reverse transcription (RT)-PCR products of more than I kbp were obtained for four different regions of the viral genome which may be particularly important with respect to the pathogenic properties of the virus, i.e. for the coat protein and the 42K protein-encoding regions on RNA 2 and for major parts ofRNAs 3 and 4. Restriction fragment length polymorphism (RFLP) patterns obtained with these PCR products revealed the existence of two major strain groups of BNYVV, named type A and type B. The A type was detected in Greece, the former Yugoslavia, Slovakia, parts of Austria, Italy, Spain, parts of France, Belgium, The Netherlands and England as well as in Asia (Turkey, Kazachstan, China and Japan) and the U.S.A. The B type occurs in Germany and parts of France. Mixed infections were detected at the borderline regions between areas of the A and B types. Comparisons of published and newly determined nucleotide sequences of the respective parts of the BNYVV genome indicate that the percentage of nucleotide differences between the A and the B type is approximately 3 % for the respective regions of RNAs 2 and 3 and approximately 1.5 % for RNA 4. Nucleotide sequences appear to be remarkably stable within each of the two strain groups. The majority of the nucleotide differences between the A and B types occur in the third triplet position. The amino acid changes in the coat protein area are outside the four previously determined antigenic regions that are accessible on the surface of the virus particles and are involved in the formation of continuous and presumably also discontinuous epitopes. This may explain why serological differences between the two strain groups have not been found.
Introduction
Sugarbeet rhizomania is caused by beet necrotic yellow vein virus (BNYVV), a possible member of the furovirus group; it has been recorded in the past 3 decades in an increasing number of countries and has now become a major problem in most sugarbeet-growing areas in the world. The most successful approach in reducing the heavy yield losses caused by this disease has been the development of partially resistant varieties. However, genotypes which in one area show considerable resistance may be much less successful in other regions, possibly because of the occurrence of different strains of BNYVV in various areas, although attempts to detect major The BNYVV triple gene block nucleotide sequences presented in this paper have been submitted to the EMBL database and assigned the accession numbers X75574 (Yu2) and X75575 (Rgl). serological differences between isolates have so far failed (Kuszala et al., 1986; Torrance et al., 1988; R. Koenig, unpublished) . By means of restriction fragment length polymorphism (RFLP) analyses of reverse transcription-PCR (RT-PCR) products of four different parts of the viral genome we have identified two major strain groups of BNYVV.
Methods
Preparation of RNA extracts from sugarbeet samples. Sugarbeet samples were received from various parts of Europe, Asia (Turkey, Kazachstan, China and Japan) and the U.S.A. (Fig. 1 ). Since BNYVV RNAs 3 and 4 tend to become partially deleted after transmission to test plants such as Chenopodium quinoa or Tetragonia expansa , RNA extracts for the preparation of RT-PCR products had to be obtained directly from infected sugarbeet roots. Originally, the typical root beards were used as a source for viral RNA, because they are known to contain the virus in high concentrations. However, we encountered difficulties with this material in attempts to obtain RNA extracts suitable for RT-PCR. This was apparently because of inhibitors of RTPCR in the root beards, since problems were also encountered with leaf extracts as soon as root beard extracts were added to them. The presence of such inhibitors has also been observed by others (Henry et al., 1993) . Tap root material also contained such inhibitors, but apparently in a lower concentration. In previous studies we had found that BNYVV is distributed irregularly in tap roots (Kaufmann et al., 1992) . For this reason areas with a high virus content in the tap roots were first identified by means of tissue print immunoblotting as described by Kaufmann et al. (1992) . For RNA extraction we used the hot phenol method described by Verwoerd et al. (1989) . The RNA obtained after precipitation with 1 volume of 4 M-LiC1 at 4 °C overnight and centrifugation for 20 rain at 4 °C and 17 000 g was further purified by various methods. The best results were obtained with the PolyATtract mRNA Isolation System IV (Promega, cat. no. Z5310) in which the RNA, after annealing with biotin-labelled oligo(dT), is bound to streptavidin-coupled paramagnetic beads, and after several washes with 0"1 x SSC it is released by treatment with distilled water and precipitated with ethanol.
RTPCR. Reverse transcriptase Superscript II (Gibco BRL) was used for oligo(dT)-primed cDNA synthesis and Taq DNA polymerase (Gibco BRL) for PCR. For the amplification of four different parts of the viral genome ( Fig. 1 ) the following primer pairs were designed on the basis of the nucleotide (nt) sequence data of Bouzoubaa et al. (1985 Bouzoubaa et al. ( , 1986 ) (annealing temperature in parentheses): for RNA 2 (nt 19 to 1088), CCATTGAATAGAATTTCACC and CCCCATAGTAATT-TTAACTC (50°C); for RNA 2 (nt 2133 to 3293), tggggtaccA-TGGTCCAAGTACAGC and gcgcaagctTAGACATTATCTATC (47 °C in the first five cycles, then 54 °C); for RNA 3 (m 50 to 1268), GTGATATATGTGAGGACGCT and CCGTGAAATCACGTGT-AGTT (53 °C); for RNA 4 (nt 87 to 1301), GCTTGATCAG-CTTTGTAGAT and GAGCCCGTTAATAGTACAAT (51 °C). The primer pair for RNA 2 (nt 2133 to 3293) has some additional nucleotides (small letters) to create restriction sites for cloning purposes. Usually 30 amplification cycles were used. RT-PCR products were purified by treatment with a 1 : 1 mixture of phenol and chloroform, precipitated with ethanol, resuspended in Tri~EDTA buffer, followed by preparative electrophoresis on a 1% agarose gel. They were eluted from the ethidium bromide-stained bands by means of glass milk using the Jetsorb Gel Extraction Kit (Genomed, Cat. No. 110300) .
RFLP analyses of RT-PCR products.
In pilot experiments the amounts of restriction endonucleases and incubation times necessary to achieve at least a partial cleavage of the PCR products were determined. Cleavage patterns were studied by means of electrophoresis in 2.5 % agarose, Southern blotting and hybridization with digoxigenin (DIG) dUTP-labelled PCR products. For labelling the probes we used the Boehringer Mannheim DIG DNA Labelling and Detection Kit (cat. no. 1093657); the binding of the probes was detected using the Boehringer DIG luminescent detection kit (cat. no. 1363514). Ehlers et al. (1991) . Two specific primers (small letters indicate mismatches), 5' GCACAAACTAggTACCATCCC-CATAC 3' and 5' TGGgGtAccATGGTCCAAGTACAGC 3', corresponding to positions 4041 to 4066 (antisense) and 2124 to 2149 in RNA 2, respectively, both designed to contain a KpnI site were used to obtain RT-PCR products spanning the triple gene block region of our Yu2 and Rgl isolates . After digestion with KpnI, RT-PCR products were cloned into the pGEM-3Zf(+) vector (Promega). Sets of unidirectional deletions were generated using the Erase-a-Base System (Promega). Clones were sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) with T7 DNA polymerase.
Determ#tation

Results
Attempts were made to obtain large RT-PCR products of at least 1 kbp for four different parts of the viral genome which are suspected to play a special role in the pathogenicity of the virus (Fig. 1) . RNA 3 has a pronounced influence on the degree of symptoms in leaves of test plants and in sugarbeets (Kuszala et al., 1986; Tamada et al., 1989; Jupin et al., 1992; Koenig et al., 1991) . RNA 4 seems to be involved in the transmission of the virus by Polymyxa betae (Tamada & Abe, 1989) . On RNA 2, the triple gene block or its gene products are essential for the cell-to-cell spread of the virus (Gilmer et al., 1992) . The area of RNA 2 including the coat protein gene was chosen, because for some other viruses and also for BNYVV an involvement of the coat protein in long distance movement and/or symptomatology has been suggested (Dawson et al., 1988; Briddon et al., 1989; Saito et al., 1990; Richards & Tamada, 1992) . The four primer pairs described in the Methods section all worked well with cDNA preparations from infected C. quinoa or T. expansa leaves, but with cDNA preparations from sugarbeet tap roots we did not always succeed in obtaining RTPCR products for all four parts of the viral genome. For some parts of the viral genome, e.g. nt 87 to 1301 of RNA 4, RT PCR products were obtained more readily than for others, e.g. nt 2133 to 3293 of RNA 2 (Fig. 1 ).
The yield of purified RT-PCR products was usually only in the range of 10 to a few 100ng per 100rag 'Mixture', cleavage patterns (sometimes observed after prolonged exposure of the blot to the X-ray film) suggest that a mixture of strains was present. (A) and (B) (in parentheses) indicate that one or two cleavage sites did not fit into the expected pattern. Where no observations are presented we were unable to obtain sufficient amounts of RT-PCR products for RFLP analyses. The cleavage pattern for F2 (corresponding to F13 for RNA 2) is predicted from the published sequences (Bouzoubaa et al., 1985 . sugarbeet tap root tissue which made it necessary to study the cleavage patterns obtained with various restriction endonucleases by means of Southern blotting and DIG dUTP-labelled probes in a chemiluminescence reaction. Examples for the cleavage patterns obtained after treating various RT-PCR products with different endonucleases are given in Fig. 2(a to d) . Various virus origins were readily differentiated by the presence or absence of cleavage products. With several enzymes we did not achieve a complete cleavage of RT-PCR products. This does not necessarily indicate the presence of mixtures of strains, because under our experimental conditions incomplete cleavage was also observed with RT-PCR products obtained from the full-length cDNA clones of BNYVV RNAs 3 and 4 described by Commandeur et al. (1991) . Complete cleavage can be expected only at DNA concentrations at or near that used in the unit assay reaction for endonucleases, i.e. 1 pg/50 tal or 200 ng/10 ~tl (Fuchs & Blakesley, 1983) . Owing to the low yield of RT-PCR products with some of our samples we had to use a much lower DNA concentration of approximately 3 ng/10 ~tl in our cleavage experiments. If incomplete cleavage of PCR products under our conditions was generally due to the presence of mixtures of strains, we should have detected cleaved and uncleaved material in our samples with all enzymes tested. With the majority of our samples this was not the case (e.g. Fig. 2a compared to 2b; 2c) . However, this phenomenon was occasionally noticed with samples originating from the borderline regions of the distribution areas of the two major strain groups, to be described below. The results of the RFLP analyses are summarized in Fig. 1 for all virus origins for which more than one RT-PCR product has been studied. The majority of the virus origins felt into one of two major groups, which we named type A and type B. The geographical distribution of the two types is shown in Fig. 3 . The A type was found in Greece, parts of Austria, Slovakia, Italy, Spain, parts of France, The Netherlands, in the one sample obtained from England, and also in the few samples obtained from Asia (Turkey, Kazachstan, China and Japan) and the U.S.A. Reported nucleotide sequences indicate that type A also occurs in Belgium (Meulewater et al., 1989) and former Yugoslavia (following paragraph of this paper). The B type was detected in most rhizomania-affected areas in Germany and parts of France (Alsace and the area of Muret north of Paris). Mixtures of the two types were apparently present in some parts of France, Austria and north-west Germany (lower Rhine valley in the area of Cologne), i.e. in the borderline regions of the distribution areas of the two major strain groups. Some of the sugarbeet samples from these areas yielded preparations in which the RT PCR products from one (Meulewater et al., 1989) . The A type was also found in the U.S.A. and Asia (Turkey, Kazachstan, China, Japan). R N A behaved as the A type, whereas the R T -P C R product of another R N A behaved as the B type (Fig. 1,  F5 , D16 and 17). In other samples from these areas the simultaneous presence of the A and the B types of at least some RNAs was suggested by the fact that the R T -P C R products were cleaved by many enzymes, but the amount of uncleaved material greatly exceeded that found with the R T -P C R products from samples originating from other areas (Fig, 2d, A1 and A2).
The cleavage patterns observed with the R T -P C R products in the two major strain groups were compared with those that could be predicted from the nucleotide sequences of BNYVV RNAs published by others or determined by us (Tables 1 and 2) . For R N A 2 the whole sequence has been determined by Bouzoubaa et al. (1986) for the French isolate F13. A somewhat different nucleotide sequence of the 5" leader region and the coat protein gene has been published by Meulewater et al. (1989) for isolates from Belgium (BOZ) and former Czechoslovakia (KWS). These latter two isolates showed no difference in this part of the sequence despite their different geographical origin. We now found the same sequence of the 5' leader region and the coat protein gene for our isolate Yu2 which was obtained in the early 1980s from sugarbeet received from former Yugoslavia ( Table  1) . The sequence at nt 1 to 711 of R N A 2 of the three isolates from Belgium, former Czechoslovakia and former Yugoslavia differed in 22 positions from the corresponding sequence published for the French isolate F13. Yao et at. (1993) have determined the sequence of the coat protein gene and the 3' part of the leader region for the isolate N M from inner Mongolia. This sequence differed in 19 positions from the corresponding parts of the French isolate, and 15 of these changes were identical to those observed with the isolates from Belgium, former Czechoslovakia and former Yugoslavia (Table 1) . The predicted cleavage pattern of R T -P C R products of the French isolate F 13 was consistent with that of the B type, whereas those of the other three European isolates and also that of the Mongolian isolate corresponded to the A type of BNYVV.
For the triple gene block on R N A 2 only the published sequence of the French isolate F13 was available Table 1 (Meulewater et al., 1989) ; NM (Yao et aL, •993); F13 .
. Base changes in the nucleotide sequences of the 5" part of B N Y V V R N A 2 (leader region and coat protein gene) in Yu2, B O Z and K W S , and N M isolates compared with F13 representing the B type of B N Y V V *
t The nucleotide changes which have been found for the Yu2 isolate are identical to those which have been reported for the BOZ and KWS isolates by Meulewater et al. (1989) .
:~ Base changes which are identical in the Yu2, BOZ, KWS and NM isolates are underlined. § Base changes which led to amino acid changes are in bold. l[ The published sequence for the NM isolate starts at nt 95. . t Base changes which lead to amino acid changes are in bold. ), so we have determined the nucleotide sequence for two other isolates, i.e. for our Yu2 isolate from the former Yugoslavia and our Rgl isolate from the area of Regensburg in the Danube Valley in southern Germany. The triple gene block sequence of the Rgl isolate differed from that of the French isolate F13 in only two positions, whereas that of the Yu2 isolate showed 71 changes (Table 2) . Again, the predicted cleavage patterns of the Yu2 isolate corresponded to that of the A type, whereas those of the F13 and the Rgl isolates were typical of the B type.
For RNAs 3 and 4 nucleotide sequence data have been published by Bouzoubaa et al. (1985) for French isolate F2 from which the F13 isolate was later obtained after single lesion transfers (Ziegler et al., 1985) and also for isolate G1 which according to Richards et al. (1985) and Kuszala et al. (1986) had been received as isolate GroB Gerau 1 from Germany (D.-E. Lesemann) in the early 1980s. The predicted cleavage patterns of the RT-PCR products for RNAs 3 and 4 of the F2 isolate were again consistent with the B type, but those of the G1 isolate were consistent with the A type. This was surprising, because all the material we had obtained in recent years from the Grol3 Gerau area (D 4, 5, 7, 8, 10, 12, 13) behaved as the B type. We have therefore studied the restriction patterns of the various RT-PCR products of our old GroB Gerau 1 isolate and found that they all were typical of the B type. It seems that the G1 isolate for which the nucleotide sequences of RNAs 3 and 4 have been determined by Bouzoubaa et al. (1985) did not originate from the GroB Gerau area.
Discussion
Our data clearly indicate the existence of two major strain groups of BNYVV which we have named type A and type B. It is interesting from the epidemiological as well as from the evolutionary point of view that in most areas either only the A or only the B type were found and that mixtures of the two types occurred only in border regions; this may, in addition, contribute to our understanding of the above-mentioned differences in the behaviour of new partially resistant sugarbeet genotypes in various geographical areas.
The available sequence data (Bouzoubaa et al., 1985 Meulewater et al., 1989; Yao et al., 1993; this paper) suggest that the percentages of nucleotide differences between the A and B types are similar in various parts of the genome. In the published sequences approx. 22 nt (corresponding to 3'1%) are different in the RNA 2 leader and coat protein gene regions, approx. 71 nt (corresponding to 3"7 %) are different in the triple gene block and 41 nt (corresponding to 2.9%) are different in RNA 3 (deletion area excluded); only in RNA 4 is the percentage of differences somewhat lower, i.e. 17 nt (corresponding to 1.5 %) are different (deletion area excluded). The majority of the nucleotide differences do not lead to amino acid changes (Tables 1 and 2) .
Judged from the published sequences the degree of variation is remarkably low within each of the two strain groups, at least in Europe. In the triple gene block of RNA 2 only 2 nt differences were found between the French isolate F13 and the German isolate Rgl which both belong to the B type. Identical sequences have been found in the RNA 2 leader and coat protein gene regions of the A type isolates from Belgium, former Czechoslovakia and former Yugoslavia (Table 1) . Only the isolate from inner Mongolia was more distantly related; the 5' part of its RNA 2 (nt 95 to 711) showed 12 nt differences in comparison with the corresponding sequences of the A type isolates from Europe. The nucleotide differences that occurred in the sequences of viruses belonging to the same strain group often also led to changes in the deduced amino acid sequences ( Amino acid changes in various isolates Fig. 4 . Antigenic areas on BNYVV coat protein (Commandeur et aL, 1992 (Commandeur et aL, , 1993 and amino acid (aa) exchanges in various isolates Meulewater et al., 1989; Yao et al., 1993; this paper) . The underlined sequences are accessible on the intact particles and may therefore be expected to participate also in the formation of surface-located discontinuous epitopes.
The deduced amino acid sequences of the coat protein contain four differences between the European A type isolates and the French B type isolate F13, five differences between the European and the Mongolian A type isolates and three differences between the French isolate F13 and the Mongolian isolate (Table 1) . We had previously identified five antigenic regions on the coat protein of BNYVV. Four of these are accessible on the intact particles (Commandeur et al., 1992 (Commandeur et al., , 1994 and may, therefore, also contribute to the formation of discontinuous epitopes. None of the amino acid changes in the three different coat protein sequences occurs within these antigenic regions (Fig. 4) which might explain why major serological differences between isolates of BNYVV have not been detected.
The apparently low degree of variation within the two strain groups and the similar percentages of sequence differences encountered for representatives of the two groups in the various genome parts (approx. 3 %), and the fact that in most geographical areas either the one or the other type of the virus was found, suggest that the A and the B types of BNYVV may have separated a long time ago, probably before they became established in sugarbeet. The occurrence of mixed A and B type populations in parts of France, Austria and north-west Germany, i.e. at the borders of the distribution areas of the two types, seems to be a secondary event rather than an indication that the two strains originated in these areas. From Fig. 3 it appears more likely that the A and B types have evolved in different areas, possibly even in different natural hosts. Skotniki et al. (1993) have recently reported a 1.7% nucleotide difference in the RNAs of turnip yellow mosaic virus isolates from two different alpine regions in Australia which had been separated for at least 8000 years. For BNYVV few other natural hosts are known in which the A and B types might have evolved before they invaded sugarbeet, which has become a crop plant with a somewhat unclear origin only less than 200 years ago (Lewellen, 1992) . The most important other known hosts of BNYVV are spinach and several cultivated representatives of the genus Beta, for instance fodder beets, in which the virus is not a severe problem. Endemic viruses cause only little damage in hosts in which they have presumably co-evolved and to which they are well-adapted. However, severe damage is often observed in 'recent encounter events' when new crops or cultivars are invaded by a virus to which they are not adapted (for reviews see Buddenhagen, 1983; Bos, 1983 ; Thresh, 1991) . This is most likely the situation in sugarbeet rhizomania.
The establishment of two major strain groups of BNYVV sheds new light on the possible routes of its spread in various geographical regions. In Europe, rhizomania was first detected in Italy in the early 1950s (Canova, 1959) . In the early 1970s it was detected in France in the upper Rhine valley (Alsace) (Putz and Vuittenez, 1974) and shortly afterwards in Germany about 150 to 200 km further downstream on both sides of the Rhine (Hamdorf et al., 1977; Hamdorf & Lesemann, 1979) . In 1983 it was found in the lower Rhine valley in Germany (Cologne area) on fields bordering the river (Schlang & Lesemann, 1983) and in Holland in regions bordering the estuary of the Rhine and its arms and canals (Heijbrook, 1984) . Therefore it seemed likely that BNYVV had been introduced somehow from Italy to the Rhine valley in France and later in south-west Germany from where it had moved down in the valley of this river, possibly carried by the river water in the resting spores of P. betae, eventually reaching The Netherlands. However, Fig. 3 suggests that this is not a likely route, because in Italy we found the A type, in the upper Rhine valley in France and Germany the B type, in the lower Rhine valley in Germany mainly the B type but with RNA 3 being of the A type on some fields. However, in The Netherlands only the A type has so far been detected.
Further investigations are necessary to determine whether the occurrence of two different strain groups of BNYVV is responsible for the observed differences in the resistance behaviour of new sugarbeet genotypes in different geographical regions.
